A B S T R A C T The effect of dexamethasone on erythropoiesis was examined in vitro. Hematopoietic cells from 13-day mouse fetal livers were cultured for 48 h in the presence or absence of erythropoietin and erythroid colonies enumerated. Colony formation occurring in cultures containing no added erythropoietin was inhibited by the incorporation of antierythropoietin antibody, suggesting that these colonies formed in response to endogenous hepatic erythropoietin. Maximal colony formation was observed with 0.5 U/ml of sheep erythropoietin. Dexamethasone increased erythroid colony formation with peak stimulation at 10-M. Dexamethasone potentiation was most marked in cultures containing less than maximally stimulating concentrations of erythropoietin. The cells required only a brief exposure to glucocorticosteroid to exhibit the augmented cloning capacity, and dexamethasone stimulation was inhibited by progesterone (10 M). A comparable response to dexamethasone was observed in cultures of adult murine and human bone marrow erythroid progenitors, implying that the phenomenon is not peculiar to fetal cells and is not dependent on the presence of fetal hepatocytes. These data suggest that erythroid progenitor cells possess a glucocorticoid receptor mechanism that can modulate the response to erythropoietin in vitro.
INTRODUCTION
Although erythropoietin is the primary humoral regulator of red blood cell production in mammals, relatively little is known about the factors modulating the interaction of erythropoietin with target cells (1) . Erythropoietin presumably interacts with a receptor on the surface of certain red cell progenitors (2) . Stimulation of these erythropoietin-sensitive cells results in a series of replicative and maturational steps culminating in the production of mature erythrocytes. Various hormones are known to influence hematopoiesis (3) . Androgenic
Received for publication 24 June 1975 and in revised form 18 August 1975. steroids and other steroids with a 5f-H configuration increase red cell production both in vivo and in vitro by direct and indirect mechanisms (4) . Androgenic steroids appear to stimulate granulopoiesis as well (5, 6) .
The role of glucocorticosteroids in erythropoiesis is uncertain. Glucocorticoids have been used in the treatment of aplastic anemia and may improve red cell production in a congenital abnormality of erythropoiesis (Diamond-Blackfan syndrome). We report here that dexamethasone potentiates the erythropoietin-stimulated proliferation of red cell progenitors in vitro. The dexamethasone effect may involve an augmented sensitivity of progenitor cells to erythropoietin in vitro. METHODS Fetuses of white Swiss-Webster mice were obtained at 12i-13i days' gestation. The fetal livers were dissected out and single cell suspensions prepared by repeated aspiration through a no. 25 needle. The method of Iscove et al. (7) was used for cloning erythroid progenitors in vitro. Cells were plated in enriched alpha medium with 30%o fetal calf serum and antibiotics, with a supporting matrix of 0.8% methyl cellulose. Dithiothreitol (10-' M) or a-thioglycerol (10-' M) was included in all plates (8, 9 human cells (7) . In the experiments with bone marrow 10' cells were plated. The progenitor cell yielding the red cell colonies is referred to as "CFU-E" (colony-forming unit, erythroid) ' (10, 11) . RESULTS Some erythroid colonies developed from fetal mouse liver cells plated in methyl cellulose containing no added erythropoietin. The addition of antierythropoietin antibody largely abrogated this spontaneous colony formation ( Table I ), suggesting that these colonies formed in response to endogenous erythropoietin produced by the fetal liver (12) (13) (14) or perhaps also to erythropoietin in the fetal calf serum. Erythropoietin-stimulated erythroid colonies in fetal liver hematopoietic cell cultures were found to be linearly related to the number of cells plated. Dose-response curves consistently showed maximum colony formation with 0.5 U of sheep erythropoietin (Table II) . At this dose, colony formation was increased approximately fivefold over control cultures. 100 IAl of antierythropoietin antibody serum reduced the erythropoietin-stimulated colony formation to below control levels (Table I) . A series of culture experiments were run to test for the effect of ethanol. Ethanol, in concen1Abbreviation used in this paper: CFU-E, colony-forming unit, erythroid. trations equivalent to dilutions yielding 10' M dexamethasone, had no detectable effect on erythroid colony formation (Table I) . In plates not containing added erythropoietin, dexamethasone caused an increase in fetal erythroid colony formation over a wide range of concentrations (Fig. 1) . Dexamethasone inhibited colony formation at concentra- Iof-10 9 10-10 1o-11 10 Cultures contain 0.5 U sheep erythropoietin.
tions greater than 10' M. Stimulation was observed between 10' M and 1010 M, with peak effect (mean of 82% stimulation) noted at 10' M (Fig. 1) .
In the presence of maximally stimulating concentrations of erythropoietin, the dexamethasone effect on numbers of CFU-E was less pronounced. With 10 M dexamethasone, colony formation increased by a mean of 27% in the presence of 0.5 U of sheep erythropoietin (Fig. 2) . A similar pattern was observed with prednisone, though peak stimulation occurred at 10-7 M (Table III).
The glucocorticoid stimulation of erythroid colony formation in vitro did not require that the hormone be present in the tissue culture plate. The effect was observed when the cells were exposed to dexamethasone for 1 h, washed, and then plated. Since progesterone is known to block glucocorticoid binding to the receptors of other types of cells (15) and interfere with the transport of the receptor complex to the nucleus (16), experiments were performed to ascertain the effect of simultaneously added progesterone on the glucocorticoid stimulation of erythropoiesis. Progesterone (10' M) was found to abrogate the glucocorticoid effect on the numbers of fetal erythroid colonies (Table IV) . This control effect was observed in cultures containing no erythropoietin as well as in those containing maximally stimulating concentrations of erythropoietin. Progesterone itself at 10' M was found to have no effect on erythropoiesis but was toxic at 108 M.
In an attempt to define the mechanism of dexamethasone-stimulated erythropoiesis, erythropoietin dose-response experiments were repeated with and without dexamethasone (10 M). These studies showed that the glucocorticoid augmentation of erythropoiesis was greatest at levels of erythropoietin below those causing maximal stimulation (Table V) (Table VII) . The dexamethasoneinduced augmentation of cloning in cultures to which erythropoietin was added was comparable to that seen in the fetal liver experiments and the dexamethasone effect was blocked by progesterone (Table VII) . Human bone marrow erythroid colony formation was also increased in the presence of dexamethasone (10' M) (Table VIII) . The degree of augmentation at maximal stimulating levels of erythropoietin was comparable to the results obtained with murine tissues. DISCUSSION Although the 5,8-H steroids are known stimulators of red cell production (4, 17) , the relationship of glucocorticosteroids to erythropoiesis is uncertain. Addison's disease in man is associated with normocytic, normochromic anemia (18) , and a congenital erythroid hy- poplasia of children (Diamond-Blackfan syndrome) is frequently responsive to low doses of glucocorticoids (19) . In animals, glucocorticosteroids and ACTH have been reported to stimulate erythropoiesis (20) (21) (22) but inhibition has also been observed (23, 24) On the basis. of observations in nephrectomized rats, Malgor and coworkers (22) concluded that dexamethasone stimulated erythropoiesis by an effect on erythropoietin production. Glucocorticoids are also reported to stimulate erythropoiesis in amphibians (25) . Cortisone has been found inhibitory to granulopoiesis both in vivo and in vitro (26) . Mouse fetal liver is a rich source of erythropoietinresponsive cells (27) and has been used in assays for erythropoietin (28) . We used a cloning assay employing fetal liver cells in order to assess the effect of dexamethasone on mammalian erythropoiesis in vitro. Erythroid colonies formed in vitro without the addition of exogenous erythropoietin. Since these colonies did not form when an antibody to erythropoietin was included in the culture plate, we assumed that these colonies were generated in response to endogenous erythropoietin produced by the fetal liver cells (12) (13) (14) or perhaps in part to erythropoietin in the fetal calf serum. Exogenous erythropoietin markedly stimulated colony formation in vitro, and peak activity was observed at a concentration of 0.5 U/ml sheep erythropoietin. Higher doses of sheep erythropoietin yielded fewer colonies and this may have been due to toxic impurities in the erythropoietin preparation (7) .
Dexamethasone produced a marked augmentation of colony formation in vitro. The dexamethasone-induced increased cloning was most prominent at suboptimal levels of erythropoietin. It seems likely that the dexamethasone effect was mediated via a glucocorticosteroid receptor mechanism in the erythropoietin-responsive cells. Only a brief exposure to steroid was required to exhibit the stimulatory effect and the dexamethasone stimulation was ablated by appropriate concentrations 60 of progesterone. Progesterone is known to block glucocorticoid activity by interfering with glucocorticoid receptor binding and function (15, 16) . Also, dexamethasone did not increase colony formation in the presence of antierythropoietin antibody.
Erythropoietin is thought to act via a specific receptor mechanism on certain red cell progenitors (2, 27) . The present studies suggest that these cells may also have a glucocorticoid receptor mechanism. The addition of dexamethasone appears to increase the sensitivity and response to erythropoietin in vitro and does so maximally in concentrations equivalent to physiologic levels of hydrocortisone. The comparable response of adult mouse and human marrow erythroid progenitors to dexamethasone implies that the phenomenon is not peculiar to fetal cells and is not dependent on the presence of fetal hepatocytes in the culture plates. One possible explanation for these observations is that there is an interaction between the postulated receptor mechanism for glucocorticosteroid and erythropoietin on red cell progenitors. Glucocorticosteroid modulation of the interaction between hormones and their receptor mechanisms has been described in several systems. Recently, glucocorticoids were shown to modulate the sensitivity of the rat testicular Leydig cell to chorionic gonadotropin (hCG) (29) . Gospodarowicz demonstrated a permissive effect of glucocorticoid on the stimulation of 3T3 cells by fibroblast growth factor (30) . Progesterone was inhibitory in the 3T3 system as well.
Since concentrations of dexamethasone higher than those equivalent to physiologic concentrations of hydrocortisone did not augment erythropoiesis, there is little in these in vitro experiments to suggest that glucocorticoids would be of use as a "general" stimulus to erythropoiesis. On the other hand, diseases involving alterations in the function or interaction of these postulated receptor mechanisms might be affected by exogenous glucocorticosteroid.
